Electron spins confined in quantum dots are an attractive system to realize high-fidelity qubits owing to their long coherence time. With the prolonged spin coherence time, however, the control fidelity can be limited by systematic errors rather than decoherence, making characterization and suppression of their influence crucial for further improvement. Here we report that the control fidelity of Si/SiGe spin qubits can be limited by the microwave-induced frequency shift of electric dipole spin resonance and it can be improved by optimization of control pulses. As we increase the control microwave amplitude, we observe a shift of the qubit resonance frequency, in addition to the increasing Rabi frequency. We reveal that this limits control fidelity with a conventional amplitude-modulated microwave pulse below 99.8%. In order to achieve a gate fidelity > 99.9%, we introduce a quadrature control method, and validate this approach experimentally by randomized benchmarking. Our finding facilitates realization of an ultra-high fidelity qubit with electron spins in quantum dots.
echo decay time 2 H ∼ 99 μs [12] .
The effect of strong EDSR microwave pulses can be readily observed in the microwave frequency dependence of the Rabi oscillations. To quantify the resonance frequency shift Δ more precisely, we perform a modified Ramsey interference measurement with an off-resonance microwave burst (Fig. 2a) . It is worth noting that this measurement can also check whether the shift occurs only on resonance or not. During the waiting time w between two resonant X π/2 pulses, we apply an additional off-resonance microwave burst at a frequency of MW = res − 180
MHz, where res = B 0 /ℎ is the bare qubit resonance frequency in the weak driving limit. When the qubit precession frequency shifts due to the off-resonance microwave burst, the oscillation period of the Ramsey fringe changes. Figure 2b shows the frequency shift Δ for device B measured for various MW . Each data point is obtained by fitting the Ramsey oscillations using a sinusoidal function ↑ ( ) = sin (2πΔ + ) + with , , and Δ as fitting parameters as shown in Fig. 2c (the data for device A is available in Supplementary Section 3). We find that an empirical power-law relation Δ = MW fits well with the experimental data for both devices, however, the fitting parameters and are distinctively different between them. This may indicate that the frequency shift is related to some uncontrolled sample dependent parameters (e.g. local confinement potentials, defects etc.). We obtain the exponents = 1.39 ± 0.02 for device A (data shown in Fig. S3 ) and = 0.59 ± 0.03 for device B. Moreover, it is found that Δ is positive ( > 0) for device A, while it is negative ( < 0) for device B.
An additional striking feature of the frequency shift is observed in the post microwave burst response. We find that, even after the microwave burst is turned off, the qubit resonance frequency shift remains and causes an additional qubit phase accumulation.
To quantify this, the qubit phase accumulated after a microwave burst is extracted from a Hahn echo type measurement. Here we utilize a modified Hahn echo sequence which consists of two π/2 pulses, a π pulse and an additional 200 ns off-resonance microwave burst (Fig. 3a) . The off-resonance microwave burst is interleaved in between the π pulse and the second π/2 pulse. The phase of the second π/2 pulse is modulated by to extract the echo phase ( d ). The post pulse delay time d indicates the time interval between the off-resonance microwave burst and the second π/2 pulse. The evolution time between the π/2 pulses and the π pulse is fixed to 20 s to cancel out the unwanted phase fluctuation caused by quasi-static noise. Figure 3b shows the post pulse time dependence of the echo signal. Figure 3c shows the extracted echo phase evolution after the microwave burst application. For MW = 0 , the black solid line shows an average of the blue data points, while for MW = 0.15, the black solid curve shows a fitting curve with an exponential function ( d ) = exp(− d / ) + with , , and as fitting parameters, giving a characteristic decay time of = 6 s. For both cases, the offset at d = 0 is mainly caused by the post-pulse phase accumulation due to the onresonance pulses. From the measured qubit phase accumulation ( d ), the temporal post (Fig.3d) .
The green points show numerical derivative obtained from the data points in Fig. 3c . The . We also note that the similar frequency shift as observed here was also measured in a different Si/SiGe spin qubit device with micro-magnet [16] and in a phosphorous donor electron spin qubit, albeit with values several orders of magnitude smaller [25] .
There may be several physical origins for the frequency shift and among them we find that heating caused by the microwave burst may explain the exponential delayed response of the frequency shift (see Supplementary Sections 4 and 5). Since the thermal expansion is different between silicon and germanium, the increase of the lattice temperature can cause a change of the strain in the quantum well [26] . The strain caused by the metallic gate electrodes [27] may also be temperature dependent. In any case, the strain variation modifies the potential shape for the confined electron and the center quantum dot position. Because of the magnetic field gradient, the quantum dot position shift results in the local magnetic field or the resonance frequency shift. Since it takes some time to cool down the system to the base temperature after turning off the microwave burst, the frequency shift occurs during and even after the microwave burst application. However, this does not explain the discontinuous frequency shift between the continuous-wave response in Fig. 2b and the exponential decay in Fig. 3c because there should be no abrupt change in the system temperature before and after turning off the microwave pulse. Although the detailed physical mechanism will not affect the qubit fidelity optimization described in what follows, further investigation is needed to fully explain the observed frequency shift.
Now we turn to the qubit control fidelity. The observed resonance frequency shift affects the control fidelity because it is much larger than the fluctuation of resonance frequency for our device ( ∼ 20.6 kHz for device B). Therefore, here we discuss the qubit control optimization in the presence of such a microwave amplitude dependent frequency shift.
The simplest way to cancel the frequency shift effect may be to keep the microwave amplitude always constant by applying off-resonance microwave even when the qubit is idle [16] . In this way, the qubit frequency shift during the control stage is kept constant and we can choose the shifted qubit resonance frequency as the rotating frame frequency.
However, this method causes too much additional heating of the device which may be harmful for the qubit control because we need a relatively large microwave power to realize the qubit rotation faster than the dephasing time. In addition, due to the limited bandwidth of the microwave modulation circuit, creation of the smooth shaped pulse is difficult for this type of control including abrupt frequency switching.
We therefore investigate a way to cancel out the unwanted qubit phase accumulation by quadrature microwave control [17, 19, 28] . The technique was originally proposed for cancelling the microwave induced frequency shift (a.c. Stark shift) and the state leakage of transmon qubits. Because spin qubits generally have a well-defined two-level system and the state leakage is negligible, the quadrature control can be used to just correct the microwave induced frequency shifts. In this case, in contrast to the transmon qubit case where the single quadrature parameter has to be set to an optimal point to balance the compensation of two infidelity sources, one quadrature parameter can be used to fully compensate the influence of the frequency shift. To calculate the single-qubit time evolution, here we consider the rotating frame Hamiltonian of the system written as follows:
where ( ) and ( ) are the EDSR microwave control amplitudes, ( ) is the frequency shift caused by the XY control, and ℏ is the reduced Planck's constant. The rotating frame frequency and MW are set at the qubit resonance frequency during the free evolution with ( ) = ( ) = 0 . Here we consider the pulse optimization for a Gaussian π/2 rotation ( ) = X exp (− 2 /2 2 ) and the quadrature derivative control ). Note that the quadrature coefficient has to be adjusted independently for π and π/2 pulses. The microwave induced frequency shift is calculated from the power-law relation
it is assumed to be dominated by the instantaneous response and the slowly changing part is ignored. The partial optimization still works reasonably well to mitigate the qubit control errors because the slow delayed response is several times smaller than the fast response. for other Clifford gates) are adjusted to maximize the sequence fidelity. We find that the sequence fidelity is maximized at π/2 = −0.18, which is in reasonable agreement with the value derived from the theory. The small deviation may come from the post pulse effect. From a separate measurement using the same device and the quadrature control, we obtain a single gate fidelity as high as 99.93 % [12] and this is well above the upper limit given by the microwave burst induced frequency shift.
Discussion
We have reported the shift of resonance frequency of electron spin qubits in Si/SiGe quantum dots with increasing applied microwave burst amplitude and quadrature control method to cancel out the qubit control error cause by the frequency shift.
Although part of the observed frequency shift may be explained by the effect of heating, the overall physical origin remains unknown and full characterization needs further investigation. Nevertheless, for the purpose of practical optimization of quadrature compensation pulse presented in this work, the Ramsey-based measurement of the amplitude dependence described in Fig. 2 is sufficient. We anticipate that the full understanding of the frequency shift mechanism will allow for further optimizations beyond what is presented in this work, such as the prediction of the frequency shift from the device parameters and the minimization of the frequency shift itself by the device design.
Methods
In both devices, the quantum dot is formed by locally depleting the two-dimensional electron gas in an undoped Si/SiGe heterostructure. A 250 nm thick cobalt micro-magnet is deposited on top of the accumulation gate to induce a stray magnetic field across the quantum dot. The sample is cooled down using a dilution refrigerator to a base electron temperature of approximately 120 mK (unless otherwise noted) which is estimated from the transport linewidth. Further details about the devices and the measurement setup are described in Supplementary information, Refs. 10 (device A), and 12 (device B).
For both devices, the valley splitting is confirmed by magneto-spectroscopy measurement to be larger than the Zeeman splitting. Therefore, the physics in this work is mainly described by a conventional single-valley picture, although there may be a small fraction of the population in the excited valley state due to initialization errors.
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S2 Echo measurement for device A

S3 Frequency shift measurement for device A
The pulse sequence used for the measurement is depicted in Fig. 2a in the main text. GHz).
Rectification due to the anharmonicity of the confinement
Another possible reason is the quantum dot motion rectification due to the anharmonicity of the confinement potential. Figure S1e shows the calculated in-plane stray magnetic field ( z ) distribution in the two-dimensional electron gas (2DEG) plane.
Although the micro-magnet is designed to be robust against a relatively large misalignment [33] , the robustness only stands for the slanting field . Although it is difficult to directly measure the coefficients 3 , 4 experimentally, we can estimate these parameters by the Rabi frequency saturation caused by the anharmonicity. In both devices A and B, the anharmonicity suppresses Rabi to ~19 MHz at MW = 0.6, which is approximately 1 MHz smaller than the value expected from the linear relation observed at lower microwave amplitudes [10, 12] . Figure S4a S4a ), we obtain ~2, which results in a quadratic shift (Fig. S4b ). There is a clear discrepancy between the simulated and the measured exponents ( = 0.59 ± 0.03 for device B and = 1.39 ± 0.02 for device A). Therefore, we rule out the rectification effect from the possible reasons for the frequency shift.
External microwave setup
The frequency shift can also occur if there is a frequency shift of the microwave signal.
Such an unintentional microwave frequency change might be caused by a large output parameter change of the microwave signal generator (Keysight E8267D is used for all measurements). However, when we change MW in the experiment, rather than changing the output condition (power) of the signal generator, we change the output amplitude of an arbitrary waveform generator used for I/Q modulation. This modulation scheme causes hardly any change of the frequency shift of the microwave signal. In addition, we monitor the output microwave signal (after passing all active components) using a spectrum analyzer and there is no noticeable shift of the frequency when the I/Q modulation amplitude or the source power is changed. The microwave circuit contains some additional passive components (attenuators, cables etc.), but those will not affect the frequency of microwave signal.
As for the delayed response of the frequency shift, the reflection of the microwave due to impedance mismatch is a possible cause. The microwave reflection can cause delayed transient microwave output with the time scale depending on the length of the reflection path. In our measurement setup, the dominant source for the microwave reflection seems to be the room-temperature modulation circuit as the I/Q mixer and the microwave amplifier(s) have much poorer VSWRs as compared to those for the other components.
At the output of the microwave modulation circuit, we measured transient signal with a time scale < 10 ns using a real-time oscilloscope (Keysight DSOX92004Q with a sampling rate of 80 GSa/s). Although it may slightly affect the experimental results, the time scale is much shorter than we observed in Fig. 3c in the main text (a characteristic decay time ∼ 6 μs) and cannot explain the experimental result.
Heating due to microwave burst
Here, we consider a Hamiltonian with harmonic confinement as follows: According to this equation, the measured electron temperature increase of a few hundred mK under the microwave burst will cause a few tens of kHz frequency shift, which is not too far from the measured results in Fig. 3d (we assume thermal equilibrium between the lattice and electrons). However, we stress that this result just shows a rough estimation of the frequency shift value and is not enough to deal with the detailed properties like the device dependent exponent and sign. Simulations including the local electrostatics and strain of the devices will be needed for further investigation.
S5 Measurement of electron temperature under microwave burst
For both devices examined in this study, the microwave burst is applied to a gate (C gate in Fig. 1 corresponds to Rabi = 400 kHz) because the charge sensor sensitivity rapidly decreases at the higher microwave amplitudes and the reliable estimation of the line width becomes difficult. We find that the line width increases linearly as a function of the microwave amplitude. From this measurement, although at higher temperatures some cooling mechanisms will suppress the linear temperature increase, we roughly estimate that the electron temperature increases by a few Kelvin when a microwave burst for EDSR in the MHz range is applied. We note that this measurement is done at a decreased base electron temperature with a modified setup ( e ∼ 35 mK in this measurement whereas e ∼ 120 mK for the others). 
